The electronic properties and photocatalytic activity of S and/or Bi-doped anatase TiO 2 are investigated by first-principles density functional theory calculations. 
Introduction
TiO 2 has received intense attention due to its low cost, nontoxic, long-term stability and high oxidative power, which would render it one of the most promising materials in a wide range of technical fields, such as photocatalytic degradation of pollutants and photoelectrochemical conversion of solar energy. 1, 2 However, as a wide band gap semiconductor (e.g., 3 .20 eV for anatase), TiO 2 can be only activated under UV-light irradiation, which accounts for only a small proportion (about 5%) of solar energy.
Further, its photoexcited electron-hole pairs tend to recombine easily, which serves to limit further its utility as a photcatalyst. Therefore, in order to obtain highly effective photocatalysts, there has been a large focus on experimental attempts to 'engineer' the band gap of TiO 2 by various methods, such as doping with metal and nonmetals, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] sensitizing by organic dyes, 13 and alloying. 14 Of these methods, doping seems one of the most effective. Though there have been many reports of TiO 2 doping by both metals and non-metal ions, reports of co-doped TiO 2 photocatalysts are substantially more rare. Recently, experimental work has shown that co-doping can enhance photocatalytic activity and the optical absorption region of TiO 2 . 15, 16 There are many theoretical studies focused on explaining the microelectronic mechanisms of either single-element doping, such as by C, N, S, Sn or codoping by nonmetal and metal elements. [17] [18] [19] [20] [21] [22] In particular, the study of Gai et al. offers the possibility of modulating the band edges of TiO 2 to match visible light absorption through codoping by suitable nonmetal and metal elements. 22 To date, there are few studies concerned with Bi/S-doped TiO 2 used as visible light-activated 2 photocatalysts, besides Wang et al., 16 which reported that anatase co-doping with Bi and S can improve photocatalytic activity significantly and extend the absorption edge to 500-800 nm. They ascribed the highly active photocatalytic performance to arise from the existence of numerous oxygen vacancies, the acidic sites on the surface of TiO 2 , and the high specific surface area. There are, however, no related theoretical studies investigating the effects of Bi/S co-doping. To understand the microscopic mechanisms of Bi/S co-doping on both crystal structure and the electronic structure, theoretical analysis by first-principles calculations is a valuable tool to study doping effects in detail. Therefore, it is desirable to investigate the origins of modifications to band structure and the enhancement of visible light activity of Bi/S-doped anatase.
The present work focuses on the electronic structure of (co-)doped anatase using density functional theory (DFT) calculations, and attempts to elucidate the origin of the experimentally observed synergistic effects of Bi/S doping leading to increased visible-light photocatalytic activity. Our theoretical analysis provides a possible explanation for the experimentally observed red-shift of the optical absorption edge and higher photocatalytic activity of Bi/S-doped TiO 2 . We also discuss the thermodynamic properties of S-, Bi-, and Bi/S-doped anatase based on estimates of the formation energies.
Methodology and Systems
All of the spin-polarized density functional theory (DFT) calculations were performed using the Vienna ab initio Simulation Package (VASP).
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The 3 generalized gradient approximation (GGA) of the Perdew-burke-Ernzerhof (PBE) functional was adopted for the exchange-correlation potential.
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The electron wave function was expanded in plane waves up to a cutoff energy of 400 eV and a
Monkhorst-Pack k-point mesh of 4  4  4 was used for geometry optimization and electronic property calculations,
27
using the block Davidson scheme for geometry optimization. Both atomic positions and cell parameters were optimized until the residual forces were below 0.01 eV/Å.
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The optimized lattice parameters for pure anatase were a = 3.800 Å and c = 9.483 Å, in good agreement with experimental and other theoretical results,
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indicating that our simulation methodology was reasonable.
Doping systems were constructed from 221 48-atom anatase supercells. 
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The supercell model is shown in Fig. 1 .
Results and Discussion

Formation energy
To determine the relative stability of the doped systems, we calculated the formation energy. This can be thought of as quantifying the relative difficulty for doping by different ions in anatase, and is a widely used approach. The formation energies of substitutional S, Bi, and Bi/S dopants were calculated by
where is the total energy of the supercell containing the S, Bi, or Bi/S impurities, and 
Electronic Properties
In The Bader charge on S was found to be -1.10 e, For Bi-doped TiO 2 , the Bader charge on Bi was calculated to be 3e, 
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Thus the absorption spectra extend to longer wavelengths so that lower energy photons can be absorbed for photo-excitation, as observed experimentally. A value of 6.3 was chosen for the U-J parameter, based on the study of Gai et al., 22 and this produced a very good band gap result of 3.14 eV for pure TiO 2 .
The calculated DOS and PDOS using the GGA + U method are presented in 
Conclusion
We have calculated the electronic properties of S-, Bi, and Bi/S-doped anatase 
